Purpose In this study, we examined the correlation between pronucleus size and the potential for human single pronucleus (1PN) zygotes to develop into blastocysts after IVF and ICSI. Methods This study included 112 patients who underwent a total of 112 cycles of IVF/ICSI. To evaluate embryo development, 1PN zygotes were compared with 2PN zygotes in the same IVF/ICSI cycle (control cycles) using time-lapse live embryo imaging. To assess the potential for blastocyst formation, cutoff values for pronuclear area and diameter were established through receiver operating characteristic curve analysis, after which 1PN zygotes were classified based on those cutoff values. Results Among 1PN zygotes cultured to day 5/6, the rate of embryo development was significantly lower than from 2PN zygotes. However, the rates of blastocyst formation and good quality blastocysts from 1PN zygotes with large pronuclear areas (≥ 710 μm 2 ) or diameters (≥ 31 μm) were significantly higher than from 1PN zygotes with smaller pronuclear areas (≤ 509, 510-609, and 610-709 μm 2 ) or diameters (≤ 24, 25-27,and 28-30 μm) (P < 0.01). Moreover, the results for 1PN zygotes with large pronuclei were similar to those for 2PN zygotes. Conclusions The developmental potential of 1PN zygotes with large pronuclear areas (≥ 710 μm 2 ) or diameters (31 μm) appears to be similar to that of 2PN zygotes, and measurement of pronuclear area or diameter in 1PN zygotes is a simple, potentially useful, clinical method.
Introduction
There have been a number of reports in which normal healthy babies were born after transfer of abnormal single pronucleus (1PN) embryos or blastocysts in human-assisted reproductive technology [1] [2] [3] [4] [5] [6] . We previously reported the births of nine normal healthy babies without malformation from 1PN zygotes cultured until the blastocyst stage [5] . Moreover, Bradley et al. reported that after transfer of 20 IVF and six ICSI blastocysts derived from 1PN zygotes, six babies with no detectable abnormalities and three ongoing pregnancies were achieved [6] . However, there is no established protocol for safely transferring abnormal 1PN embryos, which makes it crucial to select the normal 1PN embryos.
In a recent investigation of the chromosomal constitution of 1PN embryos using preimplantational genetic screening (PGS), Mateo et al. found that the rate of euploidy among 1PN2PB ICSI zygotes was 17% (15/ 88) after blastomere biopsy on day 3,while the rate of euploid blastocysts among 1PN2PB ICSI zygotes was only 2.3% (2/88), and the transferred euploid blastocysts developed into healthy babies [7] . Another PGS study performed by Bradley et al. revealed adjusted abnormality rates of about 40% in 1PN blastocysts derived from IVF or ICSI [6] . These results show that 1PN embryos often develop into blastocysts with normal chromosomal compositions. The chromosomal status and genetic composition in 1PN zygotes and embryos have also been analyzed using fluorescence in situ hybridization (FISH) [8] [9] [10] or immunostaining [11] . The rate of diploid chromosomal constitution among IVF 1PN embryos detected using FISH was significantly higher than in ICSI [8] [9] [10] . Similarly, the rate of 1PN zygotes with both the maternal and paternal genomes was significantly higher in IVF (86.7%) than ICSI (30.3%) based on histone modification detected by immunostaining [11] . Otsu et al. measured pronuclear diameters and found that whereas the rate of blastocyst formation among large 1PN zygotes (29-34 μm) was 18%, small 1PN zygotes (23-26 μm) did not develop into blastocysts [12] . They suggested that the large size of their pronuclei made it likely that the large 1PN zygotes contained both parental genomes. In that report, however, little embryological data for 1PN embryos was presented.
A non-invasive time-lapse live embryo imaging system was recently developed for prediction of blastocyst formation and selection of high-quality embryos before transfer. This system enables evaluation of pronucleus formation and embryonic development without altering the culture environment [13] . In the present study, we retrospectively examined time-lapse images to determine whether one can more effectively select 1PN embryos with adequate potential to develop into blastocysts based on measurements of pronuclear area or diameter in 1PN zygotes after IVF/ICSI. In addition, to evaluate the developmental potential of 1PN zygotes, we compared the rates of blastocyst formation and good quality blastocysts based on area and diameter of the pronucleus in 1PN zygotes.
Materials and methods

Patients
This retrospective cohort study included 112 patients who underwent 112 IVF/ICSI treatment cycles at two IVF centers (Kishokai Medical Corporation, Aichi Prefecture, Japan) between January 2016 and August 2017. Cycles in which at least one 1PN embryo was observed were compared to 2PN embryos in the same IVF or ICSI cycles.
Ovarian stimulation, fertilization, embryo culture, and evaluation
Ovarian stimulation, fertilization, embryo culture, and evaluation have been previously described by Itoi et al. [5, 14] . Briefly, the ovarian stimulation protocols were performed using a gonadotrophin-releasing hormone (GnRH) antagonist (Cetrotide; Merck Serono, Tokyo, Japan) or GnRH agonist (buserelin acetate; Sprecure, Mochida Pharmaceutical) in a short protocol with follicle-stimulating hormone (FSH; Merck Serono) and/or human menopausal gonadotrophin (hMG; Ferring Pharmaceuticals, Tokyo, Japan) and clomiphene citrate (Merck Serono). Human chorionic gonadotrophin (Mochida Pharmaceutical, Tokyo, Japan) or GnRH agonist was administered when the leading follicles averaged 18 mm in diameter. Oocyte retrieval was performed 35 h after HCG administration or 34 h after the GnRH agonist dose. Oocytes were fertilized using IVF or ICSI techniques within 3-6 h after retrieval. Fertilization was assessed 18-19 h after IVF or ICSI by two embryologists using a time-lapse live embryo imaging system. They monitored captured images until the pronuclear stage along the time and z-axes. At that time, pronuclear zygotes that were indistinct on the time-lapse imaging were confirmed using an inverted microscope. The 2PN and 1PN zygotes were divided and cultured until day 5/6. Embryo quality was evaluated on day 3 using the grading system of Veeck [15] . Briefly, good quality embryos were defined on day 3 as being seven to nine cells, < 10% fragmentation, and symmetric blastomeres. Blastocysts were evaluated using the grading system of Schoolcraft et al. [16] . Briefly, blastocyst formation was defined as development past the early blastocyst. Good quality blastocysts were defined based on the degree of expansion (full, expanded, hatching, and hatched blastocyst), the morphology of the inner cell mass, and the trophectoderm (A and B).
Time-lapse live embryo imaging
We observed 1PN zygotes after IVF or ICSI using a timelapse live embryo imaging system (Primo Vision; Vitrolife, Tokyo, Japan) as described previously [14] . Briefly, Metaphase II (MII) oocytes that were denuded of cumulus cells 4-5 h after IVF were transferred to 100 or 150 μl drops of Universal IVF Medium in a microwell dish (Vitrolife). Alternatively, MII oocytes were immediately transferred to a microwell dish following ICSI. The microwell dish was then set on the Primo Vision system, and light images were captured at 10-min intervals until the pronuclear stage.
The measurement of pronucleus size
Pronuclear areas and diameters were measured using Primo Vision software 18-19 h after IVF or ICSI. Thereafter, cutoff values for blastocyst formation and good quality blastocysts based on pronuclear area and diameter in 1PN zygotes were determined based on receiver operating characteristic (ROC) curves calculated using EZR [17] .
Statistical analysis
The χ 2 test was used to evaluate the significance of differences between proportions (%). Pronuclear sizes were compared using the Student's t tests. Values of P < 0.05 were considered significant.
Results
As shown in Table 1 , the rate of good quality embryos on day 3 among 1PN zygotes (18.5%) was significantly lower than among 2PN zygotes (38.5%; P < 0.01). The rates of blastocyst formation and good quality blastocysts among 1PN zygotes (32.2 and 11.6%, respectively) were also significantly lower than among 2PN zygotes (68.3 and 38.5%, respectively; P < 0.01).
The ROC curve in Fig. 1 shows the cutoff value and AUC for blastocyst formation from 1PN zygotes were 708 μm 2 and 0.662 for pronuclear area and 31 μm and 0.661 for pronuclear diameter. For good quality blastocysts from 1PN zygotes, the cutoff value and AUC were 713 μm 2 and 0.848 for pronuclear area and 31 μm and 0.827 for pronuclear diameter. In subsequent analyses, the cutoff values were therefore set at 710 μm 2 for pronuclear area and 31 μm for pronuclear diameter.
The 1PN zygotes were then divided into the following four groups each based pronuclear areas and diameters: ≤ 509, 510-609, 610-709, and ≥ 710 μm 2 ; or ≤ 24, 25-27, 28-30, and ≥ 31 μm. As shown in Table 2 , there was a significant correlation between the pronuclear area in 1PN zygotes and embryological outcomes. The proportion of good quality embryos on day 3 did not significantly differ among the four groups. On the other hand, when 1PN zygotes were cultured into blastocysts, the rates of blastocyst formation and good quality blastocysts among embryos with pronuclear areas ≥ 710 (56.1 and 36.6%) were significantly higher than in the groups with smaller pronuclear areas (17.9-24.3 and 0.0-5.4%, respectively; P < 0.05). Moreover, the results obtained with 1PN embryos with pronuclear areas ≥ 710 were similar to the results with 2PN embryos. Notably, the pronuclear area of ≥ 710 μm 2 was significantly larger than average for 1PN embryos and also larger than the pronuclei in 2PN embryos (P < 0.05) (Fig. 2) .
We next assessed the correlation between pronuclear diameter in 1PN embryos and embryological outcomes ( Table 3) . The blastocyst formation rate among 1PN embryos with pronuclear diameters ≥ 31 (60.0%) was significantly higher than among embryos with smaller pronuclear diameters (16.0-26.5%; P < 0.05). Moreover, the rate of good quality blastocysts increased with increases in the diameter of the pronucleus (≤ 24, 0.0%; 25-27, 2.0%; 28-30,10.8 and ≥ 31, 34.3%). The χ2 test was used to evaluate the significance of differences between the proportions. Values of P < 0.05 were considered significant
We also examined the rates of blastocyst formation and good quality blastocysts among large 1PN embryos (≥ 710 μm 2 and ≥ 31 μm). With respect to the pronuclear area, the rates of blastocyst formation and good quality blastocysts were respectively 59.4 (19/32) and 40.6% (13/32) with IVF and 44.4 (4/9) and 22.2% (2/9) with ICSI. With respect to the pronuclear diameter, the rates of blastocyst formation and good quality blastocysts were respectively 60.7 (17/28) and 35.7% (10/28) with IVF and 57.1 (4/7) and 28.6% (2/7) with ICSI. There were no significant differences in pronuclear area or diameter between IVF and ICSI.
Discussion
Using ROC curve analysis, we have established pronuclear area and diameter cutoff values for the prediction of blastocyst formation and development of good quality blastocysts from 1PN zygotes. We found that 1PN zygotes with large pronuclear areas or diameters (≥ 710 μm 2 or ≥ 31 μm, respectively) were more likely to develop into good quality blastocysts than those with smaller pronuclear areas or diameters. We suggest it is possible to select the 1PN zygotes with high potential for development into blastocysts based on pronuclear area or diameter.
Although reports have described live births from 1PN embryos, the safety of transferring 1PN embryos has not yet been established [1] [2] [3] [4] [5] [6] . It is therefore necessary to establish a method for selecting 1PN embryos with a complete parental genome. Genetic screening is now widely used to investigate the chromosomal constitution of embryos and blastocysts. Capalbo et al. (2017) analyzed 1PN blastocysts in which ploidy assessment was possible and reported that 69.2% of the 1PN blastocysts were diploid [18] . On the other hand, Otsu et al. reported that the rate of blastocyst formation from large 1PN zygotes (29-34 μm) was higher than from small 1PN zygotes (23-26 μm) and that FISH showed blastocysts derived from large 1PN zygotes were more than likely diploid The χ2 test was used to evaluate the significance of differences between the proportions. a vs. b: values with different lowercase letters are significantly different (P < 0.05) [12] . However, that report provided little embryological data on the 1PN embryos, did not use time-lapse live embryo imaging, and did not compare the rates of blastocyst formation from 1PN and 2PN zygotes; they only measured pronuclear diameter.
In the present study, the developmental potential of 1PN zygotes was significantly lower than 2PN zygotes (Table 1) , which is consistent with earlier reports [5, 19] . This study also revealed a correlation between pronuclear size in 1PN zygotes and the rate of embryological developmental to blastocysts, which is consistent with an earlier study [12] . Our results further show that the rates of both development to blastocysts and formation of good quality blastocysts from 1PN zygotes with large pronuclear areas (≥ 710 μm 2 ) and diameters (≥ 31 μm) were significantly higher than from 1PN zygotes with smaller pronuclear areas and diameters. Moreover, the developmental potential of 1PN embryos with large pronuclei was similar to that of 2PN embryos. Specifically, these results show that it is highly likely that 1PN zygotes with large pronuclear areas (≥ 710 μm 2 ) or diameters (≥ 31 μm) include both the female and the male genomes, regardless of insemination method. In earlier studies, it was shown that formation of a 1PN zygote can involve enclosure of juxtaposed male and female nuclei by a common pronuclear envelope [20] and that the male chromatin is fused in the vicinity of the female chromatin before nuclear envelope formation [21] . The pronuclear areas and diameters in such 1PN zygotes were not known, however. It was thought that the rate of embryo development from 1PN zygotes with small pronuclear areas and diameters was due to parthenogenesis and failure of decondensation of Fig. 2 a 1PN and 2PN zygotes The χ2 test was used to evaluate the significance of differences between the proportions. a vs. b and c vs. d: values with different lowercase letters are significantly different (P < 0.05) the sperm head [22] . We therefore suggest that pronuclear areas or diameters of all 1PN zygotes should be measured and the zygotes cultured to the blastocyst stage. In this study, we did not perform genetic analyses. Although the developmental potential of large 1PN zygotes appears similar to that of 2PN zygotes, one cannot be certain whether these embryos are euploid without performing PGS. We therefore also suggest that, if possible, PGS should be performed with 1PN blastocysts and that further studies are needed to determine whether the size of the PN is associated with aneuploidy.
Because there was no significant difference in the ROC-AUC cutoff for pronuclear area and diameter in 1PN zygotes, we suggested that measurement of either is equally effective, though measurement of pronuclear diameters may be simpler for clinical use.
In summary, we have shown that the developmental potential of 1PN zygotes with large pronuclear areas (≥ 710 μm 2 ) or diameters (≥ 31 μm) is similar to that of 2PN zygotes. However, these findings must be confirmed through examination of additional 1PN zygotes to further assess the relation between pronuclear size and clinical outcomes.
